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ABSTRACT

Microsatellites are tandemly repeated short DNA sequences that are favored as molecular-genetic
markers due to their high polymorphism index. Plant genomes characterized to date exhibit taxon-
specific differences in frequency, genomic location, and motif structure of microsatellites, indicating that
extant microsatellites originated recently and turn over quickly. With the goal of using microsatellite
markers to integrate the physical and genetic maps of Medicago truncatula, we surveyed the frequency and
distribution of perfect microsatellites in 77 Mbp of gene-rich BAC sequences, 27 Mbp of nonredundant
transcript sequences, 20 Mbp of random whole genome shotgun sequences, and 49 Mbp of BAC-end
sequences. Microsatellites are predominantly located in gene-rich regions of the genome, with a density
of one long (i.e., =20 nt) microsatellite every 12 kbp, while the frequency of individual motifs varied
according to the genome fraction under analysis. A total of 1,236 microsatellites were analyzed for
polymorphism between parents of our reference intraspecific mapping population, revealing that motifs
(AT),, (AG),, (AC),, and (AAT), exhibit the highest allelic diversity. A total of 378 genetic markers could
be integrated with sequenced BAC clones, anchoring 274 physical contigs that represent 174 Mbp of the

genome and composing an estimated 70% of the euchromatic gene space.

EGUMES are the second most important crop
family in terms of cultivated acreage, contribution
to human and animal diets, and economic value. Their
capacity for symbiotic nitrogen fixation underlies the
value of legumes as a source of dietary protein, while
the diversity of their metabolic output provides a wide
range of pharmacologically valuable secondary natural
products, including isoflavonoids and triterpene sapo-
nins. Although Arabidopsis and rice serve as models for
dicot and monocot species, respectively, they cannot
serve as models for identifying the genetic programs
responsible for legume-specific characteristics. Two le-
gume species, namely Medicago truncatula and Lotus
Japonicus, serve as models for legume biology.

The utility of M. truncatula as a genetic system (e.g.,
PENMETSA and Cook 2000), combined with its relatively
small (466 Mb; BENNETT and LErTcH 1995) and effi-
ciently organized genome (KuLIKOVA et al. 2001, 2004),
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have motivated an international effort to develop and
apply the tools of genomics in M. truncatula to key ques-
tions in legume biology. One aspect of this effort has
been the development of enabling methodologies, such
as efficient transformation methods (TRINH et al. 1998;
KaMATE et al. 2000; ZHOU et al. 2004), high-throughput
systems for forward and reverse genetics, including in-
sertional mutagenesis (D’ERFURTH et al. 2003), RNAi
(LimpENS et al. 2003, 2004), and TILLING (VANDEN-
BoscH and Stacey 2003), and an effective network
among research groups (http:/www.medicago.org). In
parallel to these activities, national and international
programs are collaborating to characterize the genome
of M. truncatula at the transcript (FEDOROVA et al. 2002;
JOURNET et al. 2002; LAMBLIN et al. 2003), protein
(GALLARDO et al. 2003; WATSON et al. 2003; IMIN et al.
2004), and whole genome sequence levels (YOUNG et al.
2005).

Cytogenetic and genetic data predict that the genome
of M. truncatula is organized into separate gene-rich
euchromatic arms and gene-poor heterochromatic peri-
centromeric regions (KuLikova et al. 2001, 2004; CHO1



2542 J-H. Mun et al.

et al. 2004a). These results underlie a strategy for se-
quencing the M. truncatula genome wherein the eu-
chromatic chromosome arms are first delimited within
a physical map and then subjected to a BAC-by-BAC
sequencing approach. As of March 2004, 44,292 BACs
(~11X coverage) had been fingerprinted by HindIII
digestion and agarose gel electrophoresis. An initial
stringent build of the map yielded 1370 contigs with an
average length of 340 kbp, covering an estimated 466
Mbp or 93% of the genome. In parallel to the de-
velopment of a physical map, >800 EST-containing BAC
clones were sequenced to provide seed points from
which to continue the whole genome sequencing effort.
Sites of potential sequence polymorphism within the
initial BAC sequence data are being used to facilitate
merger of the genetic and physical maps, while the
resulting chromosome assignments are being used to
guide the distribution of BACs to sequencing centers.

A major focus of the genetic mapping effort is short
tandem repeats, also known as simple sequence repeats
(SSRs) or microsatellites. These repetitive sequences
consist of direct tandem repeats of short (1-10 bp) nu-
cleotide motifs. Unequal recombination between SSRs
and slip-mispairing during DNA replication (S1A et al.
1997) result in polymorphism rates that tend to be
much greater than those observed for nonrepetitive
DNA sequences. The high rate of mutation combined
with low selection coefficients on variant alleles result in
extreme allelic diversity at microsatellite loci (Ross et al.
2003).

Identification of SSRs in DNA sequence databases can
be automated by use of public software programs, such
as SSRIT (TeEmMNYKH et al. 2001). Moreover, because
SSR alleles are typically codominant and their poly-
morphisms can be scored either in a simple agarose gel
format or in high-throughput capillary arrays, they are
frequently the molecular marker of choice for con-
struction of genetic maps. Estimates suggest that 1-5%
of plant ESTs contain SSRs longer than 18 nucleotides
(KANTETY et al. 2002). Thus, development of EST-SSR
markers has become commonplace in a wide variety of
plant species (CORDEIRO et al. 2001; KANTETY et al. 2002;
SHAROPOVA et al. 2002; DECROOCQ et al. 2003; THIEL et al.
2003), including Medicago spp. (JULIER et al. 2003;
EujayL et al. 2004; GUTIERREZ el al. 2005; SLEDGE et al.
2005). SSRs are even more abundant in the noncoding
regions of genomic sequences, providing a rich source
of genetic markers to map sequenced genome regions
(CARDLE et al. 2000). In rice, for example, genomic-SSR
markers identified from BAC sequences provided im-
mediate links between genetic, physical, and sequence-
based maps (TEMNYKH et al. 2001).

In this article we report the characteristics of perfect
microsatellites within the genome of M. truncatula.
Genetic markers developed from SSRs in BAC sequen-
ces were incorporated into the M. truncatula genetic
map, simultaneously anchoring a predicted majority of

TABLE 1

Source of genomic and transcript sequences

Species Database Sequence type
Genomic DNA sequences

Medicago NCBI HTGS Phase 1 and 2 BAC

truncatula clones

NCBI NR Phase 3 BAC clones
NCBI GSS Random genome shotgun
NCBI HTGS BAC end

Glycine max NCBI GSS Mixed genome reads

Phase 3 BAC and TAC
clones

Lotus japonicus NCBI NR

Arabidopsis NCBI NR Complete genome
thaliana
Oryza sativa NCBI NR Draft genome data

Transcript-based sequences
NCBI dbEST  cDNA single pass
NCBI unigene Clustered ESTs

All species

All data were collected from NCBI databases in February,
2004.

NCBI, National Center for Biotechnology Information;
HTGS, high-throughput genome sequence; NR, nonredun-
dant; GSS, genome survey sequence; dbEST, database of ex-
pressed sequence tags.

the euchromatic portion of the physical map to chro-
mosomal loci. In total, we analyzed 77 Mbp of genomic
sequence (16.5% of the genome) obtained from gene-
rich BAC clones, 27 Mbp of nonredundant transcript
sequence, 20 Mbp of low pass random whole genome
shotgun data, and 49 Mbp of BAC-end sequences for the
presence of perfect SSRs. The resulting data set allowed
comparison of SSR frequency, length, motif structure,
and distribution between genic and nongenic fractions
of the genome. We also compared the distribution of
SSRs in the M. truncatula genome to that of other le-
gumes (soybean and L. japonicus) and model plants
(Arabidopsis and rice).

MATERIALS AND METHODS

Analysis of SSR content in DNA sequence: The origin of
sequence data for M. truncatula, Glycine max, L. japonicus,
Arabidopsis thaliana, and Oryza sativa is given in Table 1. SSRs
were identified by automated analysis using the software
SSRIT (TEMNYKH et al. 2001), considering only perfect repeats
of >12 nucleotides in length. Although SSRs are classically
defined as repeats of 1- to 6-bp motifs (TauTz 1989), the pres-
entanalysis also considered repeats with motif lengths of 7 and
8 bp. SSRs meeting these criteria were named according to
their location within a sequence contig, and this information,
along with motif structure and microsatellite size, was stored
in a MySQL relational database. Mononucleotide repeats in
whole genome shotgun and BAC-end sequence data were not
considered in this analysis due to the difficulty of distinguish-
ing bona fide microsatellites from sequencing or assembly
error. Similarly, (A/T), repeats in EST sequence data were not
considered due to possible confusion with polyadenylation
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tracks. Gene-coding regions were predicted in M. truncatula
using the eudicot version of FGENESH (http:/www.softberry.
com). BAC-end sequences were divided into gene-containing
and gene-poor data sets based on BLASTN against the TIGR
M. truncatula Genelndex Release 6.0 (http:/www.tigr.org/
tdb/mtgi) with a cutoff value £'°. The ttest statistic was used
to compare the frequencies of SSRs in genomic and EST data
between species. The chi-square test was used to evaluate dif-
ferences in SSR frequencies between the different genome
fractions of M. truncatula.

Development of SSR markers: SSRs of longer than 15 nu-
cleotides were selected for the development of genetic mark-
ers from sequenced BACs of M. truncatula. Oligonucleotide
primer design was automated by combining the Primer3
software (RozeN and SKALETSKY 2000) with SSRIT (TEMNYKH
et al. 2001) by means of a simple Perl script. Briefly, SSRs of
>15 nucleotides were first identified by SSRIT and then the
repeat region and surrounding sequence (~400 bases to
either side) were extracted for primer design. The Primer3
software was configured to design five sets of oligonucleotide
primers flanking each SSR with a target amplicon size range of
100-300 bp. Primer specifications were melting temperature
(1) ~57-63° (target 60°) with A T;,, <1°for each primer pair and
a primer length of ~18-27 nucleotides (target 20 nucleotides).
Three oligonucleotide sets were generally tested to discover
polymorphisms for each BAC clone. PCR was performed in a
total volume of 10 wl [10 ng of genomic template DNA, 1X PCR
buffer, 2.5 mm MgCly, 0.25 mm of each dNTPs, 5 uM of each
primer, and 0.5 unit of Taq DNA polymerase (Invitrogen) ] with
a temperature profile of 3 min at 95°, 35 cycles of 20-30 sec at
94-95°, 20-30 sec at 55°, 1 min at 72°, and a final 5 min exten-
sion step at 72°. PCR products were resolved on a 2-4% agarose
gel and bands were visualized by staining with ethidium bro-
mide. Primers that produced easily scored polymorphisms
(Iength variation and dominant inheritance) were selected as
genetic markers for mapping. In some cases, BAC clones were
mapped on the basis of simple length polymorphisms, single
strand conformational polymorphisms (SSCP), or differential
restriction sites (i.e., cleavable amplified polymorphic sequen-
ces or CAPS) identified between the two parental alleles. SSCP
analysis was performed according to VINCENT et al. (2000),
with silver staining of polyacrylamide gels according to BAssam
and CAETANO-ANNOLES (1993).

Mapping of SSRs—integration of sequenced BAC clones
into the genetic map: To facilitate genotyping and map
integration, a subset of 69 individuals from an earlier mapping
population (CHoI et al. 2004a) was used. The genetic map
reported by CHoI et al. (2004a,b) included 288 sequence-
characterized genetic markers on the same base-mapping
population. Using this strategy we integrated 320 new SSR
markers and 29 non-SSR markers into the existing genetic
map. Plant genomic DNA was extracted using the DNeasy
Plant 96 Kit (QIAGEN) according to the manufacturer’s di-
rections. For purposes of marker genotype analysis, the Fy
DNAs were analyzed in parallel with three control DNAs (A17
maternal homozygous line, A20 paternal homozygous line,
and F; heterozygote DNA). The PCR products were resolved as
described above and genotypes were recorded as follows:
homozygous maternal (A17) “A”, homozygous paternal (A20)
“B”, heterozygous “H”, not A “C”, not B “D”, and missing data
“-”. Genotypes for all markers were integrated into a color-
coded genotype matrix using Excel (Kiss et al., 1998). Markers
were assigned to chromosomes using the “Make Linkage
Groups” command of Map Manager QTX (MANLY et al. 2001).
Genetic distances were calculated on the basis of the Kosambi
function. Markers with an LOD > 3.0 were integrated into a
framework map, while those with LOD < 3.0 or ambiguous
genotypes were tentatively assigned to intervals by visual

inspection of the color-coded genotype matrix. In addition
to mapping BAC clones by means of SSRs, we also used
BLASTN to compare the sequences of previously mapped
genetic markers (CHoI et al. 2004a,b) with sequenced BAC
clones of M. truncatula. In cases where BLASTN results
revealed perfect matches, genetic markers and BAC clones
were assumed to represent the same locus.

RESULTS

As a prelude to development of microsatellite genetic
markers in M. truncatula, we examined the profile of
perfect microsatellites within the M. truncatula genome
and compared it to that of the legumes L. japonicus and
soybean, and the model species Arabidopsis and rice.
The sequence types used for analysis varied by species
(Table 1), primarily as a function of the data available at
the National Center for Biotechnology Information.
Because rates of SSR mutation are positively correlated
with SSR length (ELLEGREN 2004), we divided SSRs into
two classes based on size (class I, =20 bp; class II, 12
to =19 bp). SSRs with lengths of 20 nucleotides and
greater tend to be highly mutable (TEMNYKH ef al. 2001),
while SSRs with lengths between 12 and 19 nucleotides
tend to be moderately mutable (Pupko and GRAUR
1999).

Frequency of perfect microsatellites in genomic
DNA sequence: The frequency of perfect microsatel-
lites in Medicago genomic DNA is shown in Table 2,
along with similar calculations for soybean, L. japonicus,
Arabidopsis, and rice. Despite differences in the nature
and quantity of genomic sequence analyzed, the major
trends were similar across species. Thus, class II SSRs
(12-19 nt) were the most abundant microsatellites
and occurred at similar frequencies in all five species,
with an average density of one SSR every 0.6-0.7 Mbp.
In Medicago, hexa- and heptanucleotide repeats ac-
counted for 65% of these short genomic microsatellites,
with di- and pentanucleotide repeats being the most
infrequent. These same patterns characterize the other
four genomes. The major evident differences between
the monocot (rice) and dicot (Medicago, Lotus, soy-
bean, and Arabidopsis) species were a twofold increase
in the frequency of trinucleotide repeats and an un-
derrepresentation in the frequency of mononucleotide
repeats in rice compared with dicots.

In all species analyzed, dinucleotide repeats were the
most abundant genomic class I (long) microsatellites,
with frequencies similar to those observed in class II
(short) dinucleotide repeats. The frequencies of all
other genomic class I microsatellites were substantially
reduced relative to their class II counterparts, with hexa-
and heptanucleotide repeats 35- to 700-fold less fre-
quent in the class I fraction compared to class II. A
number of species-related differences were observed in
the genomic class I frequency data. Thus, mononucle-
otide repeats were the second most abundant genomic
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class I microsatellite for Medicago and Arabidopsis, a
situation that was also observed for class II mononucle-
otide repeats. By contrast, for soybean, rice, and Lotus,
trinucleotide repeats were the second most abundant
genomic class I microsatellite. Interestingly, genomic
class I microsatellites were two- to threefold more abun-
dant in soybean genomic DNA by comparison to the
other species, primarily due to an elevated occurrence
of di- and trinucleotide repeats. We note that a large
fraction of soybean genomic sequence information cor-
responds to RFLP clones and thus may not represent a
random sample of genomic DNA.

Frequency of perfect microsatellites in transcript
sequence: For analysis of transcript data, we compared
SSR frequencies in two data sets: bulk nonclustered ESTs
and the NCBI unigene set. As shown in Table 2, despite
the redundant and asymmetric nature of bulk EST data,
the relative and absolute frequencies of microsatellites
showed good correspondence between the bulk EST
and NCBI unigene data sets. Moreover, as in the case of
genomic DNA, trends were similar between species.

Class II SSRs were significantly more abundant (z.e.,
one SSR every 0.6-1.0 Mbp) in transcript data compared
to their class I counterparts (i.e., one SSR every 13-39
Mbp), similar to the situation observed in genomic
DNA. Thus, 54-91% of bulk EST sequences contained
class II SSRs, depending on the species under analysis,
while only 1-3% of ESTs contained class I SSRs. The
most abundant class II SSRs were tri-, hexa- and hepta-
nucleotide motifs, consistent with observations made in
a wide range of species (ELLEGREN 2004), while class I
SSRs were most frequently repeats of di- and trinucleo-
tide motifs. On the basis of analysis of the NCBI unigene
set, the frequency of class I and class II SSRs is similar in
the transcript data of all four dicot species, and sub-
stantially less frequent than that observed in rice.

Class I SSRs—frequency of individual motifs: To
compare the frequency of specific long-repeat motifs
within and between genomes, we examined each of the
16 possible mononucleotide, dinucleotide, and trinu-
cleotide motifs of class I SSRs in each of the five species
(Table 3). In all species, the abundance of dinucleotide
repeats in genomic DNA (Table 2) could be attributed
to an overrepresentation of AT motifs; soybean in
particular exhibits a two- to threefold increase in AT-
motif frequency relative to the other four species ana-
lyzed. By contrast, the high frequency of dinucleotide
repeats in EST sequences could be attributed to an
abundance of AG repeats (Table 3). The frequency of
AG-balanced repeats in bulk EST data was especially
high in legumes, with values two- to threefold higher
than their frequency in rice and Arabidopsis.

Taken together, the relative distribution of specific di-
and trinucleotide repeats reflects both the increased GC
content of coding vs. noncoding genome regions and
the higher GC content of monocots as compared to
dicots. In particular, the results demonstrate a partition-

ing of (AT), and (AG), repeats between noncoding and
coding regions. Interestingly, (GC), dinucleotide re-
peats were rare in all of the genomes analyzed. The
scarcity of poly(C) and (GC), repeats has been observed
in a broad range of species, from yeast to vertebrates and
plants (TOTH et al. 2000). This low frequency of poly(C)
and (GC), repeats in various genomes has been at-
tributed to methylation of cytosine, which can increase
rates of mutation to thymine; however, methylation can-
not explain the rarity of poly(C) and (GC) , repeats in C.
elegans, Drosophila, or yeast, where cytosine methylation
is uncommon (KATTI et al. 2001). An alternative ex-
planation is that (GC) , repeats are selected against due
to the increased stability of (GC),, hairpin structures.

In the case of trinucleotide repeats, the dicot species
contained higher frequencies of AT-rich repeats in both
genomic DNA and EST sequence relative to rice. Soybean
in particular possessed an ~10-fold increase in the ge-
nomic AAT trinucleotide motif relative to Medicago and
Lotus and a 20- to 40-fold increase relative to rice and
Arabidopsis. The opposite was true for GC-rich trinucle-
otide repeats, which were the predominant trinucleo-
tide motif in rice (KANTETY ef al. 2002) and either rare
or absent from the dicot genomes. Perfect repeats with
motifs longer than trinucleotides (i.e., tetranucleotide
to octanucleotide repeats) were predominantly AT-rich
motifs in all of genomes analyzed (data not shown).

Distribution of class I microsatellites in the genome
of M. truncatula: To characterize the spatial distribution
of class I repeats with respect to genic and nongenic
features of the M. truncatula genome, we examined the
distribution of perfect microsatellites >20 nt in (1) 51
completely sequenced and annotated gene-rich BAC
clones (6.3 Mbp), (2) a random low-pass whole genome
shotgun data set (20 Mbp), and (3) a random BAC-end
sequence data set (49 Mbp; Table 4). The complete BAC
clone sequences used for analysis were part of a larger
data set of 778 sequenced BAC clones. These 778 BAC
clones were selected to represent euchromatic (pre-
sumably gene-rich) regions of the genome on the basis
of a combination of genetic and cytogenetic mapping
(CHo1 et al. 2004a; KuLikova et al. 2001) or on the basis
of homology to transcript sequences. We first deter-
mined that the frequency of SSRs in the 51 annotated
BACs (Table 4, row 4) was not significantly different
from that of the larger data set of 778 sequenced BAC
clones (Table 2, class I SSRs, row 1) (Pearson x? = 1.23,
df. =7, at o = 0.05).

In M. truncatula, ~60% of the genome can be attrib-
uted to repeatrich and gene-poor heterochromatin
located within pericentromeric regions of the genome
(KuLikovaA et al. 2004). As described above, the com-
pletely sequenced BAC clones were intentionally en-
riched for gene-rich euchromatic DNA, while the whole
genome-shotgun and BAC-end sequence data sets were
derived from randomly selected clones that are pre-
sumably more representative of the genome as a whole.
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TABLE 4

Frequency of Class I microsatellites in selected genome fractions of M. truncatula

2547

Frequency of SSRs (SSR/Mbp)

Average Sequence
Genome fraction Mono- Di- Tri- Tetra- Penta- Hexa- Hepta- Octa- distance (kbp) length (Mbp)
Whole genome shotgun sequences — 145 3.0 1.6 22 07 40 13 36.7 20.4
BAC-end sequences showing BLAST match’ —* 259 7.0 2.7 47 28 24 04 21.7¢ 23.0
BAC-end sequences without BLAST match” —* 247 6.8 25 31 22 28 03 23.6“ 25.8
Selected BACs 195 338 89 47 42 42 35 13 12.5 6.3
Nontranscribed region 235 443 9.7 45 52 31 35 17 10.5 2.9
Transcribed region 16.0 24.7 81 48 33 51 36 09 15.0 34
5'-UTR 259 603 69 69 103 121 86 34 7.4 0.6
Exon 0 09 61 0 1.8 44 0 0 76.0 1.1
Intron 249 264 9.6 8.0 1.6 16 40 038 13.2 1.3
3’-UTR 229 371 114 5.7 29 86 57 0 10.6 0.4

Mono-, mononucleotide repeats; Di-, dinucleotide repeats; Tri-, trinucleotide repeats; Tetra-, tetranucleotide repeats; Penta-,
pentanucleotide repeats; Hexa-, hexanucleotide repeats; Hepta-, heptanucleotide repeats; Octa-, octanucleotide repeats.
“Mononucloetide repeats in the whole genome shotgun sequences and BAC-end sequences were not considered because of low
quality of untrimmed poly (N) tracks in the raw data.
" BAC-end sequences were categorized into two datasets according to the result of BLASTN against MtGI Rel. 6.0 with cutoff £'°.

Comparison of these three genomic data sets revealed
that, with the exception of mononucleotide repeats,
SSR frequency was 2.3- to 1.4-fold higher in gene-rich
BAC clones (63.2 SSR/Mbp) compared to that of ran-
dom whole genome shotgun sequences (27.3 SSR/
Mbp) or random BAC-end sequences (44.2 SSR/Mbp).
The finding that SSRs have intermediate frequency in the
BAC-end sequence data suggests that the BAC library
used for end sequencing might be enriched for gene-rich
regions of the genome. This conclusion is supported by
the observation that the major classes of centromere-
like tandem repeats (i.e., MiR1, MiR2, and M(R3), which
together compose 7% of the genome (KULIKOVA et al.
2004), are underrepresented in BAC-end sequence data
(data notshown). As a further test of this conclusion, we
analyzed SSR frequency in the portion of the shotgun
sequence data set with homology to the tandemly ar-
rayed centromere-like repeats, MiR1, MR2, and M(R3.
SSR frequency in this repetitive genome fraction was 7.0
SSR/Mbp, or ninefold less frequent than values ob-
tained with completely sequenced BAC clones. The
association of class I SSRs with gene-rich fractions of the
genome was also evident in the comparison of BAC-end
sequences having homology to ESTs vs. those without
homology to ESTs. In particular, BAC-end sequences
with BLASTN similarity to ESTs of M. truncatula had
~10% higher average SSR frequencies (46.0 SSR/Mbp)
than that of BAC-end sequences without BLASTN
similarity (42.4 SSR/Mbp). These data are in agreement
with the previous report of MORGANTE et al. (2002), in
which SSRs were observed to be preferentially associ-
ated with the nonrepetitive fractions of plant genomes.

To correlate SSRs with specific genic and nongenic
fractions, we annotated the 51 completely sequenced
BAC clones by means of the dicot version of FGENESH
and assigned five categories of sequence, namely, (1)

nontranscribed, (2) 5'-untranslated exon (5’-UTR), (3)
coding exon, (4) intron, and (5) 3’-untranslated exon
(3'-UTR). The 51 BAC clones contained an average of
20.3 predicted genes per clone, with 1 gene per 6.0 kbp.
As shown in Table 4, class I SSRs were slightly more
frequent in predicted nontranscribed compared to
predicted transcribed regions of gene-rich BAC clones,
due primarily to a higher frequency of mononucleotide
and dinucleotide repeats. However, SSR frequency varied
considerably between the different predicted tran-
scribed fractions (x> = 57.35, d.f. = 21, P < 0.001).
Most SSRs in transcribed regions were detected in 5'-
and 3’-untranslated fractions and within introns, with
the highest SSR frequency in 5'-UTRs, which were
characterized by elevated levels of di-, penta-, hexa-,
and heptanucleotide motifs. Predicted exons were sub-
stantially underrepresented in all SSR motif lengths,
with the exception of trinucleotide and hexanucleotide
repeats. Figure 1 presents the distribution of the eight
most abundant SSR motifs relative to the five genome
fractions. Consistent with the results shown in Table 3,
AT-rich di- and trinucleotide motifs were more abun-
dant in nontranscribed than in transcribed regions.
This bias was also evident within transcribed regions,
where AT-rich repeats were relatively abundant in tran-
scribed nontranslated regions and essentially absent in
exon sequences.

Development of SSR markers in M. truncatula: With
the goal of establishing genetic map positions for
sequenced BAC clones and the corresponding physical
contigs, we used the Primer3 software to design multi-
ple sets of PCR primers flanking SSR motifs. In total,
1236 primer pairs were tested for PCR amplification of
genomic DNA from M. truncatula genotypes A17 and
A20 (Table 5), representing 148 class II SSRs of longer
than 15 nucleotides and 1088 class I SSRs. A total of 801
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(64.8%) of the primer pairs yielded an amplification
product. The efficiency of amplification was highest for
class I SSRs (79.1%) compared to the larger class I SSRs
(62.9%), with the exception of poly (A) and hexanu-
cleotide repeats (Table 5). Amplification was least
efficient for (AT), and (AAT), class I repeats, which
together represent 39% of all class I repeats in the M.
truncatula genome (Table 2). Similar results were
reported for rice (TEMNYKH et al. 2001). It is possible
that the secondary structure of repeats (e.g., hairpins;
TRrOTTA et al. 2000) or specific sequences around micro-
satellites may affect annealing of primers or polymerase
processivity.

A total of 617 (77.0%) of the 801 amplified SSR loci
were polymorphic between M. truncatula genotypes A17
and A20. For comparison, the SNP frequency for these
two genotypes is ~1/500 bp for exon sequences and
~1/140 bp for intron sequences (CHOI et al. 2004a).
Class I SSRs (559 or 81.7%) were significantly more
polymorphic than class II SSRs (58 or 49.6%). The
highest rates of polymorphism were observed for (AT),,
(AG),, (AC),, and (AAT), motifs, the most abundant
motifs in the M. truncatula genome. Polymorphism rates
increased with the number of repeat units: 5-fold, <60%;
~5- to 10-fold, 66%; ~11- to 15-fold, 71%; ~16- to 20-
fold, 77%; =20-fold 82%.

Anchoring of sequenced BACs to the genetic map:
For purposes of integrating the BAC-based physical map
of M. truncatula with the genetic and cytogenetic maps,
the genotypes of 317 of 617 polymorphic SSRs were
scored in a reference mapping population. The remain-
ing 300 SSRs were considered redundant, as they were
derived from BACs that were already mapped by means
of other SSRs. A total of 71% of the mapped SSR poly-
morphisms were derived from dinucleotide repeats,
and 29 additional markers were developed on the basis
of CAPS, SSCP, or length polymorphisms associated
with BAC clone sequences. As shown in Figure 2, these

O AT

Cc/G

B AT/TA

O AG/GA/CT/TC

M AC/CA/TG/IGT

Bl AAT/ATA/TAA/ATT/TTA/TAT
AAG/AGA/GAA/CTTITTC/TCT
E AAC/ACA/CAA/GTT/TTG/TGT

FIGure 1.—Frequency of
eight most abundant micro-
satellite motifs in deduced
genome fractions of M. trunca-
tula. Separation of M. trunca-
tula genomic sequence into
transcribed and nontran-
scribed fractions, and further
into untranslated regions (5’
and 3’ UTRs), exons and in-
trons, is based on the output of
the Arabidopsis of FGENESH
(http:/www.softberry.com).

3'-UTR

346 new genetic markers were integrated into an ex-
isting genetic map of M. truncatula (CHOTI et al. 2004a,b),
bringing the total number of markers mapped in this
population to 634, including 378 genetically mapped
BAC clones. In total, these BAC-based markers integrate
274 BAC contigs from the M. truncatula physical map
(Table 6). A detailed list of marker attributes and clone
GenBank accession numbers is given in supplemental
Table S1 (http:/www.genetics.org/supplemental/).

SSR markers continue to be added to the genetic
map, furthering the integration of genetic and physical
map resources in this species and providing additional
anchoring for the ongoing genome sequencing effort,
with updates available through http://www.medicago.
org/genome [Medicago truncatula community web site
and databases, including the home page (i.e., /genome)
for the genome sequencing project]. As of August 4,
2005, 1243 sequenced BAC clones were mapped, either
directly by means of BAC-based SSRs or by virtue of their
association with genetically mapped physical map con-
tigs. Thus, of ~150 Mbp of nonredundant genome
sequences obtained as of August 2005, ~130 Mbp of
sequenced genome, representing an estimated 21,000
predicted genes, has been associated to chromosomal
loci by means of genetic mapping of physical contigs.
The extent of the physical map (including notyet-
sequenced BAC clones) associated to genetic loci is
~242 Mbp, or 48% of the total genome and an estimated
88% of the predicted gene space.

DISCUSSION

The utility of microsatellites for genetic, genomic,
and evolutionary studies derives from their high rates
of polymorphism, simple-to-score length variation, and
the ease with which they can be mined from genomic
and EST sequence data. Here we report a detailed
analysis of perfect microsatellites >12 nucleotides in
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M. truncatula and a comparison of SSR frequency and
type between M. truncatula and those of other legume
species and model plants. Analysis of genomic and EST
sequences of M. truncatula, soybean, L. japonicus, Arabi-
dopsis, and rice revealed that the frequency of SSRs was
1.3- to 2.8-fold higher in genomic sequences as com-
pared to bulk EST sequences, with the exception of L.
japonicus (Table 2). This result contradicts the report of
MORGANTE ¢t al. (2002) in which the frequency of mi-
crosatellites was higher in ESTs than in genomic DNA of
plant species. Here we analyzed a significantly larger
data set (i.e., a b- to 20fold increase, depending on
species) than that analyzed by MORGANTE et al. (2002).
Given the nonrandom distribution of SSRs in plant ge-
nomes, and in particular their frequent association with
nonrepetitive sequences (CARDLE et al. 2000; McCoucH
et al. 2002), it is possible that small data sets yield un-
reliable predictions of SSR distribution.

The frequency of class II SSRs in genomic DNA was
similar across all plant genomes analyzed in this study
(0.6-0.7 SSR/kbp, Table 2). By contrast, the frequency of
class I SSRs was both lower and more variable across
genomes. In particular, class I SSRs were 1.5- to 2.5-fold
more frequent for soybean compared to the other ge-
nomes analyzed. This increase is correlated with the
larger size of the soybean genome and also with the fact
that the public genome sequence data for soybean is
enriched in RFLP-derived genomic clones relative to
the other species we analyzed. Although it is uncertain
whether either of these factors is causal to the increased
frequency of class I SSRs in soybean data, it is notewor-
thy that Ross et al. (2003) have recently described the
rapid divergence of microsatellite abundance among
closely related species. WIERDL et al. (1997; and more
recently KRUGLYAK et al. 1998; KaTT1 et al. 2001) pro-
posed that the lower frequency of long vs. short SSRs
may result from selection against mutagenic sites in the
genome. It is possible that the polyploid nature of the
soybean genome might reduce selection against long
microsatellites due to the redundancy of homeologous
regions, but if so then the relaxed selection must be
specific to noncoding regions, as the frequency of class I
SSRs within coding regions (z.e., the NCBI unigene set)
was similar between soybean and the other dicot ge-
nomes (Table 2).

Analysis of individual class I SSR motifs revealed
additional taxon-specific patterns, especially with re-

spect to the types and distribution of dinucleotide and
trinucleotide repeats. Thus, (AAT), and (AG), were
overrepresented in the genomic and EST fractions,
respectively, of legume species, but relatively underrep-
resented in Arabidopsis and rice (Table 3). By contrast,
(GGC),, repeats were predominant in the rice ge-
nome but not in the dicot genomes. In general the
rice genome exhibited a higher rate of class I SSRs
(threefold) and class II SSRs (1.5-fold) within the
unigene data set, indicating that rice is likely to be a
relatively rich source of transcript-associated polymor-
phisms. Taxon-specific accumulation of repeats in
eukaryotic genomes has been reported for several
species (TOTH et al. 2000; KATTI et al. 2001). The current
results, and in particular the similarity between the
related legume genomes, suggest that taxon-specific
motifs originated after divergence of legumes from
Arabidopsis and rice. Strand-slippage theories alone
are insufficient to explain the differential abundance of
specific motif types in different genomes. A positive
selection pressure, such as a preference of codon usage
in exons or a regulatory effect of specific repeats in
noncoding regions, may underlie the taxa-specific accu-
mulation of certain repeat motifs.

In contrast to the classical definition of SSRs as motifs
of 1-6 bp in length (Tautz, 1989), the current analysis
also considered motifs with lengths of 7 and 8 bp. The
frequencies and distribution of hepta- and octanucleo-
tide repeats were consistent with those observed for
motifs of 1-6 bp, including correspondence across taxa
(Table 2), a significantly higher frequency in class II
compared to class I SSRs (Table 2), and a low frequency
in exon regions (Table 4, except tri-and hexanucleotide
repeats). Interestingly, motifs of 7 bp were the second
most abundant class II SSR motif length, and they were
as abundant as tetra-, penta-, and hexanucleotide motifs
in class I SSRs.

The current analysis of SSR distribution in M.
truncatula agrees with previous reports for dicot ge-
nomes in which the majority of SSRs were found to
reside in the nontranscribed fraction of gene-rich re-
gions or within the untranslated portions of transcripts
(i.e., UTRs and introns). The rare Medicago SSRs in
exons were typically AT-rich trinucleotide repeats (Fig-
ure 1). This contrasts to rice, in which GCrrich trinucle-
otide repeats were observed preferentially in exons (CHO
et al. 2000).

»

»

FIGURE 2.—Molecular genetic map of M. truncatula. SSR genetic markers analyzed in this study are designated by the prefix MtB,
for Medicago truncatula BAC-based STS markers. The correspondence between SSR markers and BAC clones is given in supple-
mental Table S1 (http:/www.genetics.org/supplemental/). Markers not notated as MtB correspond to 210 previously reported
genetic markers (CHOI et al. 2004a,b) that are used here for purposes of integrating the data from the various studies. Two cat-
egories of genetic loci were obtained from the current analysis: (1) framework markers (LOD > 3.0), which are connected to
linkage groups by horizontal or diagonal lines, and (2) interval markers (LOD < 3.0) whose positions are denoted by vertical
lines that delimit inferred genetic intervals. Markers separated by a period derive from the same BAC clone. Conflicts between
SSR-mapped BAC clones and previously inferred genetic marker—-BAC associations (CHoI ef al. 2004a) are designated by super-

script letters.
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TABLE 6

Summary of map length, mapped markers, framework loci, average map density per framework loci for the map, and
number and length of anchored physical contigs

Linkage group

LGl LG2 LG3 LG4 LG5 LG6 LG7 LG8 Total Average

Map distance (cM) 63.6 654 950 638 803 539 714 731 5665 70.8
No. of BAC-based STS markers 46 45 47 52 44 19 44 49 346 43.3

SSR marker 37 42 47 46 40 18 41 46 317 39.6

Other marker 9 3 0 6 4 1 3 3 29 3.6
No. of EST-based marker 20 20 37 34 32 22 17 28 210 26.3
Framework loci 25 21 30 31 24 19 26 30 206 25.8
Loci assigned to interval 18 18 7 16 18 7 7 11 102 12.8
Average map density per framework loci (cM) 2.5 3.1 3.2 2.1 3.3 2.8 2.7 2.4 — 2.8
No. of mapped BACs 47 49 52 61 49 23 47 53 381 47.6
No. of anchored physical contigs 38 36 41 38 34 17 32 38 274 34.2
Length of physical contigs (Mbp) 231 201 263 297 183 137 198 231 1741 21.8

The primary objective of this study was to integrate
the physical and genetic maps of M. truncatula using
microsatellites identified within sequenced BAC clones.
By means of semiautomated SSR identification and
primer design, 346 BAC clones have been incorporated
into the existing genetic map, anchoring 174 Mbp of the
physical map to genetic loci. During map integration,
eight conflicts were identified between SSR-mapped
BAC clones and previously inferred marker—-BAC rela-
tionships (CHOI et al. 2004a), as indicated in Figure 2.
The possible origins of such conflicts include highly
conserved duplicated genome segments, recently evolved
gene paralogs, clone chimerism, and experimental error.
Four of the conflicting relationships correspond to re-
sistance gene clusters. Plant resistance genes are members
of large gene families, often composed of recently derived
paralogs, suggesting that these conflicts may arise from
the misassignment of closely related genome regions
that have distinct locations in the genetic map. The
additional four conflicting BAC clone assignments may
also derive from the misassignment of closely-related
paralogous genes, as in each case the similarity between
sequenced BAC clones and sequenced genetic markers
was more consistent with paralogy than identity (89—
98% identity). Such conflicts will resolve with additional
genetic mapping and the progress of the whole genome
sequencing effort in M. truncatula.

We note that more detailed analyses of the M.
truncatula genome, as well as the genomes of G. max
(soybean) and L. japonicus, will become possible as their
genomes are better characterized. For example, here
we have used FGENESH to predict transcribed wvs.
nontranscribed regions of the genomes. Recently, the
International Medicago Genome Annotation Group
has established standards for automated gene predic-
tion, which is likely to increase the accuracy of gene calls
relative to the FGENESH tool we have used here.
Similarly, even more robust annotations will ultimately

derive from experimental approaches, such as those
based on the sequencing of full-length cDNA clones for
a majority of transcripts. The current work has contrib-
uted to an increased characterization of microsatellites
in legumes and their comparison to that of other model
plant species. Moreover, these data increase the genetic
and genomic resources available in M. truncatula by
adding a new category of BAC-associated genetic mark-
ers and by facilitating integration of genetic and phys-
ical maps. Of practical importance, the positioning
of physical map contigs to specific locations on linkage
groups, and to cytogenetically defined chromosomes
(e.g., KULIKOVA et al,, 2001, 2004; CHO1 et al., 2004a),
greatly aids the current genome-sequencing effort in
which BAGCs are distributed according to chromosome
assignments (YOUNG et al., 2005). These microsatellite
markers also provide tools to validate contig structure
and orientation as a prelude to selection of BAC clones
for sequencing. Although the ultimate goal of genome
sequencing in M. truncatula is to produce pseudo-
chromosome arms that cover the entire euchromatic
space of M. truncatula (outlined in YOUNG et al., 2005), a
more immediate deliverable will be an assembly of
ordered and oriented sequenced BAC contigs. Genetic
mapping of sequenced BAC clones, largely based on the
SSR strategy described here, is crucial to achieving these
goals.
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